Previous work has established stargazin and its related family of transmembrane AMPA receptor regulatory proteins (TARPs) as auxiliary subunits of AMPA receptors (AMPARs) that control synaptic strength both by targeting AMPARs to synapses through an intracellular PDZ-binding motif and by modulating their gating through an extracellular domain. However, TARPs ␥-2 and ␥-8 differentially regulate the synaptic targeting of AMPARs, despite having identical PDZ-binding motifs. Here, we investigate the structural elements that contribute to this functional difference between TARP subtypes by using domain transplantation and truncation. We identify a component of synaptic AMPAR trafficking that is independent of the TARP C-terminal PDZ-binding motif, and we establish previously uncharacterized roles for the TARP intracellular N terminus, loop, and C terminus in modulating both the trafficking and gating of synaptic AMPARs.
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ion channel gating ͉ stargazin ͉ synaptic transmission ͉ auxiliary subunit T he dynamic range of synaptic strength at glutamatergic synapses is made possible by various proteins that interact with AMPA receptors (AMPARs) to fine tune their synaptic localization and functional properties (1) . The protein interaction between membrane-associated guanylate kinase proteins (MAGUKs), like PSD-95, and a PDZ-binding motif in the transmembrane AMPA receptor regulatory protein (TARP) intracellular C terminus is proposed to be a dominant mechanism targeting AMPARs to synapses (2) . Accordingly, genetic deletion or acute knockdown of MAGUKs strongly reduces AMPAR-mediated synaptic transmission (3), as does expression of a dominant-negative TARP ␥-2 (stargazin) lacking a PDZbinding motif (4, 5) . However, it is not known whether structural differences between TARP subtypes correspond to functional differences in synaptic AMPAR trafficking.
We recently established cultured cerebellar granule cells from stargazer mutant mice as a model system to separately determine the effects of each TARP subtype on synaptic AMPAR function (6) . In this system, transfection with any of the TARP subtypes ␥-2, ␥-3, ␥-4, or ␥-8 ''rescues'' the synaptic expression of native AMPARs that are otherwise retained in the endoplasmic reticulum in the absence of TARPs (6, 7). As a first hint that synaptic AMPAR targeting may differ across TARP subtypes, the amplitude and frequency of quantal synaptic AMPAR currents rescued by ␥-8 are strongly reduced relative to other TARPs, despite equal surface delivery, as indicated by whole-cell responses to glutamate ( Fig. 1) (6) . Although the TARP subtypes ␥-2, ␥-3, ␥-4, and ␥-8 all contain identical PDZ-binding motifs, and the rest of their intracellular C termini are largely homologous, the C terminus of ␥-8 contains 3 unique stretches of amino acids not found in any of the other TARPs (Fig. 1 A) (8) . Given that ␥-8 is the TARP subtype predominantly expressed in the hippocampus (9, 10), a model system for studying synaptic AMPAR trafficking and plasticity, differences in function between ␥-8 and other TARPs are of particular interest. Here, we investigate the mechanism for TARP subtype-specific trafficking of AMPARs by expressing TARP mutants in which intracellular domains are either truncated or exchanged between TARP subtypes ␥-2 and ␥-8.
Results and Discussion
First, we determined to what extent TARPs ␥-2 and ␥-8 rely on their PDZ-binding motif to localize AMPARs at synapses by expressing mutant TARP constructs with C-terminal truncations ( Fig. 1 A) . Surprisingly, and contrary to previous work (11), AMPAR-mediated miniature excitatory postsynaptic currents (mEPSCs) are still detected, albeit with a strongly reduced frequency, for all truncation mutants expressed ( Fig. 1 B and D) . The construct ␥-2⌬PDZ, lacking only the last 4 amino acids of the ␥-2 C terminus, delivers AMPARs to the cell surface as effectively as full-length ␥-2 (Fig. 1C) , as reported in ref. 11 . The synaptic expression of AMPARs, however, is reduced both in amplitude and in frequency relative to full-length ␥-2, but it is not abolished ( Fig. 1 B, D , and E). Although the previous study analyzed spontaneously occurring, action-potential-generated EPSCs, and may have failed to detect synaptic events that occur with such low frequency, here we use locally applied sucrose to force asynchronous release of synaptic vesicles to increase the number of mEPSCs sampled during the recording period (see
Materials and Methods).
It is striking that although truncation of the PDZ-binding domain of ␥-2 decreases both the amplitude and frequency of mEPSCs relative to full-length ␥-2, the corresponding truncation mutant ␥-8⌬PDZ results in synaptic events that are reduced only in frequency but not in amplitude relative to full-length ␥-8 ( Fig. 1 B, D , and E). These data indicate that TARPs ␥-2 and ␥-8 differ in their dependence on PDZ binding to localize AMPARs at synapses and reveal that a component of synaptic AMPAR trafficking is mediated by a mechanism independent of the direct interaction between TARPs and MAGUKs. This possibility was also hinted at in a recent study in which deletion of MAGUK proteins resulted in a strong reduction in mEPSC frequency but little reduction in mEPSC amplitude (3). This PDZ-independent synaptic AMPAR targeting does not appear to require other elements in the TARP C terminus, because mEPSCs of similar amplitude to ␥-2⌬PDZ and ␥-8⌬PDZ can be detected even when complete C-terminal truncation severely reduces the surface delivery of AMPARs (␥-2⌬C and ␥-8⌬C; Fig. 1 C-E) . It is likely that previously characterized cytoplasmic proteins that interact directly with specific AMPAR subunits mediate this TARP- The authors declare no conflict of interest. 1 To whom correspondence should be addressed. E-mail: nicoll@cmp.ucsf.edu.
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We next investigated the structural basis for the difference in the mEPSC amplitude phenotypes of TARPs ␥-2 and ␥-8 by expressing chimeric TARP constructs in which the intracellular domains of the two TARPs were exchanged. In addition to their divergent C termini, ␥-2 and ␥-8 also differ in their two other intracellular domains, the N terminus, and the intracellular loop (see transmembrane structure diagrams in Fig. 2A) . Each of these chimeric TARP constructs fully rescues whole-cell glutamate responses in stargazer granule cells (Fig. 2B and Fig. S1 ), indicating that domain transplantation does not impair the expression level of chimeric TARPs, their interaction with AMPARs, their ability to deliver AMPARs to the plasma membrane, or the ability of AMPARs to respond to glutamate. Therefore, we interpret differences in the amplitudes of mEPSCs rescued by these chimeric TARPs to reflect specific differences in their ability to traffic AMPARs to synapses.
We first analyzed mEPSCs rescued by the C tail swap chimeras ␥-2-C-8 and ␥-8-C-2. Although the chimera ␥-8-C-2, containing the backbone of ␥-8 and the C tail of ␥-2, produces AMPAR mEPSCs larger in amplitude than ␥-8, the converse is not true; ␥-2-C-8 produces mEPSCs that are similar in amplitude to the host ␥-2 rather than the donor ␥-8 (Fig. S2) . This demonstrates that although unique residues in the ␥-8 C terminus contribute to the synaptic targeting phenotype of ␥-8, they are not sufficient to confer that phenotype to ␥-2. Similar results were obtained with the other single domain-swap chimeras (Fig. S2) , indicating that no individual intracellular domain is sufficient to account for TARP subtype-specific trafficking of AMPARs to synapses. However, all TARP chimeras that have both their N and C termini in common produce mEPSCs with the same amplitude (for example, both ␥-2-C-8 and ␥-8-N-2 share the N terminus of ␥-2 and the C terminus of ␥-8 and produce mEPSCs similar in amplitude to ␥-2, as shown in the chart in Fig. S2B ). To test the possibility that multiple TARP intracellular domains functionally interact to account for the observed differences in mEPSC amplitude, we constructed chimeras in which all three intracellular domains (N, L, and C) were exchanged. Remarkably, complete intracellular domain transplantation (␥-2-NLC-8 and ␥-8-NLC-2) succeeds in fully exchanging the mEPSC amplitude phenotypes of ␥-2 and ␥-8 ( Fig. 2 A and D) . These data assign a previously unknown function to TARP intracellular domains other than the C terminus, and they uncover an intriguing cooperative interaction among multiple TARP intracellular domains that differs between TARP subtypes and differentially influences synaptic AMPAR targeting.
Finally, we analyzed the decay kinetics of mEPSCs rescued by these TARP chimeras to determine whether TARP intracellular domains influence the conformational changes that underlie synaptic AMPAR gating. Unexpectedly, exchanging the intracellular domains of TARPs ␥-2 and ␥-8 (constructs ␥-2-NLC-8 and ␥-8-NLC-2) alters mEPSC decay kinetics, with the intracellular domains of ␥-2 markedly slowing the kinetics of ␥-8 (construct ␥-8-NLC-2), and the intracellular domains of ␥-8 speeding the kinetics of ␥-2 (construct ␥-2-NLC-8; Fig. 3) . How is this possible, given that wild-type ␥-2 and ␥-8 produce mEPSCs that decay similarly? Previous work had implicated the first extracellular domain (Ex1) of TARPs in controlling synaptic AMPAR gating (13, 14) , and it was shown that exchanging Ex1 between TARPs ␥-2 and ␥-4 fully exchanged their mEPSC decay phenotypes (6) . However, transplanting Ex1 from ␥-8 to ␥-3 (construct ␥-3x8) resulted in mEPSCs that decayed more slowly than either wild-type ␥-8 or ␥-3 (6). Taken together, these data suggest that although the extracellular domain of ␥-8 is competent to produce slower AMPAR decay kinetics, it is constrained by an inhibitory influence on AMPAR channel gating exerted by the intracellular domains of ␥-8.
Detailed analysis of mEPSC decay kinetics for each intracellular domain swap chimera reveals that both the TARP intracellular loop and C terminus affect synaptic AMPAR kinetics primarily by modulating the time course and relative contribution of a slow component of gating ( Fig. S3B and Table S1 ). This is consistent with the model put forth in our previous study, which attributes the slowing of AMPAR kinetics by TARPs to stabilization of a series of channel conformations that AMPARs must take on before they can unbind glutamate (6, 15) . Here, we provide insight into the mechanism by which TARPs influence AMPAR conformation by demonstrating that in addition to the previously characterized extracellular domain, structural elements on the intracellular side of the receptors also play an important role in synaptic AMPAR gating.
Materials and Methods
Plasmids. TARP chimeras were constructed by using overlap extension PCR and were subcloned into the EcoRI/SalI sites of the vector pIR2-EGFP (Clontech), as described in ref. 6 . Electrophysiology/Neuronal Culture. Preparation of stargazer cerebellar granule cell cultures, transfection with TARP cDNA, and whole-cell recordings were performed exactly as described in ref. 6 . mEPSC Analysis. To increase the number of mEPSCs recorded from individual neurons, 250 mM sucrose dissolved in recording solution was applied for 10 seconds every 30 seconds to each recorded neuron through a local perfusion pencil (Automate Scientific). Under these conditions, each recording period contained epochs of both low (in control solution) and high (in sucrose solution) spontaneous release rates, skewing the distribution of interevent intervals and complicating quantification of mEPSC frequency. Nonetheless, order-of-magnitude differences in the number of mEPSCs detected per neuron were observed across some TARP constructs, as presented in Figs. 1 and 2 and Fig. S3 , and these differences were quantified simply by dividing the total number of mEPSCs detected for each neuron by the total length of the recording period. Although all recorded neurons were included in this mEPSC frequency analysis, only neurons from which between 20 and 200 synaptic events were collected were included in the analyses of mEPSC amplitude and decay to avoid skewing the mean toward data collected from neurons with disproportionately small sample sizes. mEPSC decay was described by a weighted time constant calculated from the area under the peak-normalized currents, as described in ref. 6 . mEPSC decay times were also fit with a double exponential function, as described in ref. 6 , resulting in correlation coefficients of R Ͼ 0.99 for all average mEPSCs analyzed.
Statistics.
For the statistical comparison of mean values across multiple conditions, nonparametric Kruskal-Wallis tests first were performed with a threshold of P ϭ 0.05, and experiments containing significant differences were further evaluated by using Wilcoxon posthoc tests with the threshold ␣ ϭ 0.05 adjusted by dividing ␣ by the number of comparisons performed. All data are reported as mean Ϯ SEM. 
